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Abstract
Wireless LANs (WLANs) are widely used as network infrastructure due to their ease of deployment and low installation costs.
Access points (APs) in WLANs are operated continuously in order to provide connectivity for stations (STAs); however, this wastes
a non-negligible amount of energy. To reduce the power consumption of APs in such a WLAN environment, radio-on-demand
(ROD) networks were developed. Within the ROD framework, we previously proposed a STA aggregation scheme in which APs
cooperate with each other and aggregate their STAs, and demonstrated that the proposed scheme could provide power savings in an
environment with a light traﬃc volume. In present paper, we propose a STA reassociation scheme, as an enhancement of our STA
aggregation scheme, that achieves high power saving while autonomously avoiding degradation of communication quality under
any network load.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Elhadi M. Shakshuki.
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1. Introduction
With the rapid growth of network infrastructure, as represented by the Internet, deploying energy-eﬃcient network
technology is an urgent matter. In wireless LAN (WLAN), which is widely used due to its ease of deployment and low
cost of installation, various approaches have been used to realize energy-eﬃcient networking1 2. In the IEEE802.11
standard, power-saving functions are specified for stations (STAs) but not for access points (APs). Consequently, APs
are operated continuously in order to provide connectivity for STAs. Therefore, APs waste non-negligible amounts of
energy when there are no connections to support. However, traﬃc monitoring results in WLANs have revealed that
the amount of traﬃc handled by APs varies significantly over time3. Focusing on this point, some APs implement
their original function while seeking energy eﬃciency4. Focusing on energy eﬃciency in a WLAN, our group also
has been conducting R & D regarding radio-on-demand (ROD) technologies. ROD technologies have the potential to
reduce the power consumption of WLANs by sleeping the AP based on the network status between STAs and APs5
6
. ROD-enabled APs can automatically switch their status from active to sleep mode when they detect that they have
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Fig. 1. Outline of STA reassociation scheme
Fig. 2. Example network
no load for a configurable period of time. This change in their status does not adversely aﬀect the quality of existing
flows in the network. When a wake-up receiver installed in an AP receives a wake-up signal from a STA that wants
to start data transfer, the AP can wake up and IEEE 802.11 standard wireless environments become available again.
Focusing on this feature, we proposed a STA aggregation procedure for targeting multiple STAs7. By adopting the
proposed STA aggregation scheme, APs are more likely to switch to sleep mode, reducing power consumption. In
8 9
, we evaluated the basic performance of our scheme using a model in which traﬃc is distributed uniformly and
the amount of traﬃc decreases over time; our results demonstrated that our proposed scheme improved the power
saving performance in a ROD network. However, in WLANs, the load is not uniformly distributed and thus some
APs are more likely to be congested than others and these statuses change over time. Therefore, in the present paper,
we propose a STA reassociation scheme as an enhancement of our STA aggregation scheme that targets high power
saving while maintaining the quality of service in more realistic WLAN environments. The material is organized as
follows. Section 2 describes our scheme. Section 3 shows the performance evaluation environment and Section 4
presents simulation results. Related work discussion is provided on Section 5.Section 6 shows the summary.
2. STA Reassociation Scheme
As shown in Fig. 1, our STA reassociation scheme has two functions: a STA distribution function and a STA
aggregation function. In the scheme, four thresholds are set: (1) Aggrestart: start STA aggregation at the AP, (2)
Reassociatemax: end STA Reassociation at a new AP, (3) Diststart: start STA Distribution at the AP, and (4) Distend:
end STA Distribution at the AP. In the STA reassociation scheme, the STA aggregation function is identical to that
presented in7. That is, when an AP detects that its AP utilization is lower than Aggrestart, the AP initiates the STA
aggregation operation and moves its associated STAs to other APs, and then the AP turns itself oﬀ. This reduces the
number of active APs and thus is expected to considerably reduce power consumption.
If an AP detects that the monitored AP utilization is greater than Diststart, the STA distribution function is triggered.
In this function, an AP selects a new AP for STAs based on the transfer rate between the APs and the STAs. If multiple
candidate APs for one STA distribution are found, one of these APs is selected based on the MELU algorithm7. APs
terminates the STA distribution function once the estimated AP utilization drops below Distend. In the distribution
process, an active AP is selected as a candidate AP; however, if the active APs cannot accommodate all STAs which
would like to be distributed and the AP utilization remains above Distend, one of the sleeping APs can be a candidate
AP and is woken up if the transfer rate between the sleeping AP and an STA is greater than or equal to the rate between
the current AP and a STA.
Here, we describe the distribution process using the network in Fig. 2 as an example. Let us consider the case in
which the AP utilization of AP2 is more than Diststart and the AP starts STA distribution to a new AP.
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Fig. 3. Simulation Model
Fig. 4. AP utilization
1. When the AP utilization at AP2 is detected as being above Diststart, AP2 starts the STA distribution process.
2. AP2 checks the information of reassociatable active APs in the list stored in the first targeted STA, STA2 1. In
this case, STA2 1 can be reassociated with AP1.
3. If the transfer rate between STA2 1 and AP1 is greater than or equal to the rate between STA2 1 and AP2 and
the estimated utilization at AP1 if STA2 1 were reassociated would be less than Reassociatemax, STA2 1 is
reassociated to AP1.
4. If the estimated utilization at AP2 after STA2 1 being reassociated with it would be larger than Distend, go to
step 5. If the estimated utilization at AP2 is less than Distend, quit the STA distribution process.
5. The next targeted STA is STA2 2. AP2 executes the same operation as in step 2 and finds that STA2 2 can be
reassociated with AP1.
6. Comparing the transfer rate between AP2 and STA2 2 and that between AP1 and STA2 2. If the latter is greater
than or equal to the former, then check whether the estimated utilization at AP1 after STA2 2 being reassociated
with it would be less than Reassociatemax. If so, STA2 2 is reassociated with AP1 and if the estimated utilization
at AP2 after STA2 2 is reassociated with AP1 is less than Distend, quit the STA distribution process. If not,
that is, if AP1 cannot be a candidate AP, AP2 searches for another AP whose status is active. If it cannot find
an active AP, then it searches for one whose status is sleep. In this case, there is no other active AP but AP3,
whose status is sleep, can be found and, we assume in this example, STA2 2 can be reassociated with AP3. Then
AP2 calculates the estimated utilization in the case of STA2 2 being reassociated with AP3 and finds that the
estimated utilization would be less than Reassociatemax. Then STA2 2 wakes up AP3 and STA2 2 is reassociated
with AP3.
7. If the estimated utilization at AP2 after STA2 2 being reassociated with AP3 would be less than Distend, then quit
the process. If not, go back to step 5 and target the remaining STAs, STA2 3, STA2 4, and STA2 5, replacing
STA2 2 by the target STA .
3. Performance Evaluation
We performed simulations using Qualnet10 version 4.5.1. to evaluate the eﬀectiveness of our proposal. As shown
in Fig. 3, 9 APs are placed in a 20 meter-square area and STAs, which are stationary, are randomly distributed. We
consider three cases: 30, 50, and 60 STAs. IEEE 802.11a is used as a physical/MAC layer protocol between STAs
and APs, and APs are assigned to diﬀerent channels to prevent interference. The transmission rates between APs and
STAs vary depending on their distances. Each STA sends CBR data which has ON and OFF periods to the node that
is connected to all APs via wired lines. The CBR flow starts data transfer at a random time within 10 s; the ON and
OFF periods have durations distributed exponentially with means of 50 s and 10 s, respectively. 3 Mb/s CBR data
is transferred during ON periods. In the simulation, we set the parameters related to our scheme as follows unless
otherwise indicated: Diststart = 0.65, Reassociatemax = 0.6, Aggrestart = 0.1, and Distend = 0.4. The total simulation
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Fig. 5. Average number of active APs Fig. 6. Average throughput [Mb/s]
time is 300 s and we repeated the simulation 25 times, changing the location of STAs and traﬃc settings, and averaged
the results.
Figure 4 shows the measured AP utilization versus the amount of the traﬃc on an AP in our simulation. We find
that the AP utilization saturates at around 0.7, and thus the APs used in our simulation environment can handle the
traﬃc up to around a 0.7 AP utilization, but would saturate if the utilization were larger than this value.
Using the same simulation configration, we evaluate the performance of three schemes: WLAN, the ROD default
scheme, in which APs sleep when they detect that there are no data to transmit to the server, and our proposed
scheme, which is labeled “Re-associate” in figures. Two performance measures are used: the number of active APs
to investigate the power consumption and the throughput over ON periods to investigate the impact on the quality of
service.
4. Simulation Results
In this section, we show the performances under WLAN, the ROD default scheme, and our STA reassociation
scheme. Subsection 4.1 shows the basic characteristics of the proposed schemes and subsection 4.2 presents the
performance for diﬀerent parameter settings for the STA aggregation and distribution functions. Subsection 4.3 shows
the impact of traﬃc parameters on the performance.
4.1. Basic characteristics of the STA reassociation scheme
In Fig. 5, we show the average number of active APs for the model shown in Fig. 3. The performances for WLAN
and the ROD default scheme are also shown. In case of WLAN, all 9 APs are always active for all reported STA
number cases. In case of the ROD default scheme, on average 1 of the 9 APs is asleep when the network traﬃc load
is relatively light, i.e., the 30 STAs case. For 50 STAs, the average number of sleeping APs is less than in the 30 STAs
case, and all APs are active in the case of 60 STAs. In contrast, when the STA reassociation scheme is adopted, on
average 3 APs can sleep when the number of STAs is 30, and in the cases of 50 and 60 STAs, where the network
is relatively congested, the number of active AP is higher but still less than the corresponding cases for WLAN and
the ROD default scheme. Based on this result, we can say that the STA reassociation scheme achieves a high energy
eﬃciency compared to WLAN and the ROD default scheme.
Figure 6 shows the average throughput over flows. When the number of STA is 30, we observe that the achievable
average throughput is 3 Mb/s, and thus there are no throughput degradations for any of the schemes, WLAN, the ROD
default scheme, and the STA reassociation scheme. However, as the traﬃc in the network increases, corresponding to
50 and 60 STAs, we see increasing throughput degradation in both the WLAN and ROD default cases. In contrast,
Fig. 6 shows stable throughput characteristics for the STA reassociation scheme independent of the number of STAs.
The simulation results indicate that our STA reassociation scheme can achieve energy eﬃciency and stable through-
put characteristics independent of the amount of traﬃc on the network. Looking at the logs of the simulations in STA
reassociation scheme, we found APs whose utilizations were detected as low carrying out STA aggregations to achieve
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Fig. 7. Average number of active APs versus Reassociatemax (30 STAs) Fig. 8. Average throughput versus Reassociatemax (60 STAs)
Fig. 9. Average number of active APs versus Distend (30 STAs) Fig. 10. Average throughput versus Distend (60 STAs)
energy eﬃciency and APs whose utilizations were high carrying out STA distributions to avoid throughput degrada-
tion, in both cases done autonomously.
4.2. Impact of STA aggregation and distribution parameters on the performances
In the previous section, we demonstrated that the performances of the STA reassociation scheme with respect to
energy eﬃciency and throughput characteristics are better than those of WLAN and the ROD default scheme. Next,
we show the impact of the parameter settings of the STA reassociation function on the performance. We suppose
that the relationship between parameters related to the STA aggregation and distribution functions is the following:
Aggrestart < Distend < Reassociatemax < Diststart. As shown in Fig. 4, the AP utilization saturates at around 0.7.
Therefore, as mentioned previously, we set Diststart to 0.65, and we set Aggrestart to 0.1. With these settings, we
investigate the performances with Distend and Reassociatemax set according to each of the following: 1) Distend fix
at 0.4 and Reassociatemax varied between 0.45, 0.5, 0.55, and 0.6. 2) Reassociatemax fixed at 0.6 and Distend varied
between 0.3, 0.4, 0.5, and 0.55.
Figure 7 shows the average number of active APs for case 1) when the number of STAs is 30. As observed in
Fig. 5, the average number of active APs under the STA reassociation scheme is less than either of those for WLAN
and the ROD default scheme. We also see that the performances are not aﬀected by the value set for Reassociateend.
Figure 8 shows the averaged throughput over flows in case 1) when the number of STAs is 60. As observed in Fig. 6,
throughput degradation can be avoided by adopting the STA reassociation scheme and the value set for Reassociatemax
has no impact on the performance.
Next, Fig. 9 shows the average number of active APs for 30 STAs and Fig.10 shows the average throughput over
flows for 60 STAs in case 2). These two figures also show that energy eﬃciency can be improved and throughput
degradation can be avoided by adopting the STA reassociation scheme independent of the value set for Distend.
Summarizing, the simulation results show that the parameter settings of the STA reassociation scheme do not aﬀect
the performance in terms of achievable energy eﬃciency and throughput under our simulation conditions.
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Fig. 11. Average number of active APs (60 STAs) Fig. 12. Average throughput (60 STAs)
4.3. Impact of traﬃc parameters on the performance
In this subsection, we investigate the impact of the parameters of traﬃc from the STAs on the performance. In our
simulation, we used a traﬃc model involving ON and OFF periods; so far, we have shown the performance only when
these ON and OFF periods have average durations of ratio 5:1. In the following, we show the performance when
varying this ratio while holding other parameter values fixed.
Figure 11 shows the average number of active APs while varying the ON:OFF ratio for 60 STAs. When the ratio is
set to 10:1, i.e., the average length of ON periods is 10 times longer than that of OFF periods, there are on average zero
sleeping APs for the schemes. In the 10:1 case, the traﬃc load is relatively high due to the relatively long ON duration,
so the APs cannot sleep and energy eﬃciency cannot be expected under either the ROD default or STA reassociation
scheme. However, diﬀerences in the average number of active APs between the WLAN, the ROD default scheme,
and the STA reassociation scheme become more significant as the average OFF duration increases, especially as it
becomes equal to and then greater than the ON duration. For example, when the ratio of ON and OFF durations is
1:1, no APs sleep in the WLAN case, whereas in the ROD default case, the average number of active APs is 8.8,
and thus there are sleeping APs. For the same ratio setting, the average number of active APs is 6.5 under the STA
reassociation scheme. This is because, as the amount of traﬃc decreases due to the average ON duration becoming
shorter, the STAs associated with APs for which the AP utilization is low can be aggregated to new APs, and as a
result, the number of sleeping APs increases and the energy eﬃciency performance improves. In the case where the
ratio is 1:10, in which the OFF duration is much longer than the ON duration, on average 4.8 APs active for the ROD
default scheme. Thus, the eﬀectiveness of the ROD default scheme is clear for when the average load is relatively
low. However, since the average number of active APs is 2.2 under the STA reassociation scheme, we can say that the
energy eﬃciency can be better improved by adopting this scheme. Summarizing the results, the STA reassociation
scheme improves the energy eﬃciency performance and the degree of improvement can be large when the amount of
traﬃc in the network is low.
Next, Fig. 12 shows the average throughput while varying the ratio of ON and OFF durations for 60 STAs. We
can see in the interval in which the ratios are from 10:1 to 1:1, that is, where the ON duration is greater than or equal
to the OFF duration, that throughput degradations are observed in both the WLAN and ROD default scheme cases.
This is because when the ON duration is longer than the OFF duration and thus the load in the network is high, the
probability that specific APs are congested is high. In contrast, throughput degradation can be avoided by adopting
the STA reassociation scheme.
From the results, we can see that the STA reassociation scheme improves energy eﬃciency when the amount of
traﬃc in the network is low and it can maintain stable throughput characteristics independent of the amount of traﬃc.
5. Related Works
Several vendors, including Intel11 provide products that support wake on wireless LAN (WoWLAN).WoWLAN
could be adapted to wake up APs in WLAN, but it cannot be used to change the AP status from active to sleep.
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Alcatel implemented and demonstrated indoor APs that have a low-power sleep mode and an out-of-band wake-up
mechanism12. One diﬀerence between this scheme and our scheme is that it employs out-of-band wake-up signals to
wake up sleeping APs and thus requires low-power radio modules at both APs and STAs. Another diﬀerence from our
proposal is that it is designed to realize power saving of APs in home networks, whereas our scheme is applicable to a
wide range of networks ranging from home networks to enterprise WLANs. Policy-driven resource-on-demand (RoD)
strategy for enterprise WLAN named Survey, Evaluate, Adapt, and Repeat (SEAR) for achieving power conservation
has been proposed3. Some APs in SEAR always have to be powered on to control the AP groups even when there is
no traﬃc, while in our scheme, only wake-up receiver with ultra-low-power consumption equipped at APs are needed
to be on. Thus, achievable energy eﬃciency in our proposal can be greater than in SEAR. In13, the eﬀectiveness of
resource-on-demand (RoD) strategies for energy-eﬃcient operation of dense WLANs with a centralized management
style using a simple analytical model is presented. However, reassociation of STAs is not considered in their policies.
6. Summary
In this paper, we proposed a STA reassociation scheme which executes STA aggregation and distribution functions
autonomously in WLANs and evaluated the performance of the scheme through simulation. The results obtained
herein reveal that using the autonomous STA reassociation function achieves a better energy eﬃciency performance at
APs whose utilization is low via the STA aggregation function, and that the scheme avoids throughput degradation at
APs whose utilization is high via the STA distribution function. In the future, we intend to investigate the performance
of the proposed scheme for various scenarios including ones in which the number of STAs changes over time.
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